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ABSTRACT1 
 
Metakaolin is a pozzolanic material with the potential to reduce permeability and chloride 
ingress; however, quantification of the effects of metakaolin use on the cracking sensitivity of 
concrete mixtures is needed to ensure that these improvements in performance are not 
compromised. This study was conducted to investigate the early age cracking potential due to 
restraint stresses from incorporating metakaolin in concrete. Calorimetry testing showed that 
metakaolin was more sensitive to temperature than mixtures with only Portland cement. Results 
showed more shrinkage, less stress relaxation, and higher restraint stress from the inclusion of 
metakaolin, potentially increasing cracking sensitivity of mixtures. 
                                                 
1 This section was published in Construction and Building Materials[57]. Permission is included in Appendix A 
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CHAPTER 1: INTRODUCTION 
 
Implementing supplementary cementitious materials (SCM) in concrete can provide an 
array of effects to improve its functionality. Factors such as compressive strength, modulus of 
elasticity, permeability, time of set and both shrinkage and expansion rates are altered through the 
use of SCMs. The main materials that have been used in recent years are fly ash, silica fume and 
slag. These constituents are given an additional title known as pozzolans because when they come 
in contact with water they undergo a pozzolanic reaction.  A pozzolanic reaction is when the 
amorphous aluminosilicates of a pozzolan react with calcium hydroxide to produce calcium 
silicate hydrate[1]. 
Government agencies such as the Florida Department of Transportation (FDOT) have 
prescribed both upper and lower replacement limits of these materials based on the location and 
demands of the project to meet durability and strength requirements [2]. Although there are many 
positive factors from incorporating supplementary cementitious materials, there can also be 
consequences. Slag can improve long term strength, but it also can cause retardation by reducing 
not only the setting times but also the initial strength of the concrete.  Although silica fume 
performs better with strength testing at all ages, it has penalties such as high heat release and 
increased shrinkage rates which has been shown to promote cracking. 
A comparatively new cementitious material that has recently gained acceptance in 
construction practices and structural concrete applications is metakaolin. This material is known 
for its role in improving compressive strength and reducing the porosity of the concrete.  Unlike 
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fly ash which is residue from coal burning power plants or silica fume which is made indirectly 
through manufacturing of silicon metal, metakaolin is not a byproduct and for this reason is 
substantially more expensive [1]. Metakaolin promotes stronger concrete through its high fineness 
and alumina content accelerating the hydration reaction, in addition to refining the pore structure. 
Working with metakaolin can be challenging due to its high fineness which requires a higher water 
demand, which can only be offset through increasing the water to binder ratio or increasing the 
dosages of chemical admixtures to increase workability. Metakaolin has been shown to produce 
similar results to that of silica fume in that it improves the higher early strength and permeability. 
Metakaolin also shares qualities ascribed to silica fume such as a higher heat release and increased 
shrinkage rates, while also decreasing the amount of creep generated [3], [4]. These drawbacks 
can severely heighten the probability of cracking in concrete structures incorporating these 
materials. 
The focus of the current research is to determine how the incorporation of metakaolin 
influences the cracking potential of restrained concrete and to develop an understanding to the 
mechanisms responsible for the assessed behavior.  Although testing has been performed on 
metakaolin to assess its shrinkage, there has been no testing in a rigid cracking frame (RCF) to 
determine metakaolin concrete performance under restrain and temperature profiles simulating 
massive structural elements. The rigid cracking frame testing is utilized to evaluate the developing 
uniaxial stress under an imposed temperature profile simulating the temperature of a 1 m3 concrete 
element, which better relates to concrete being placed in the field than previous testing.  In 
addition, this study shows the effect of temperature on the development of the hydration phases 
and pore structure in portland cement and portland cement-metakaolin concrete.  
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To satisfy a full investigation, the heat of hydration for the metakaolin paste sample was 
measured using isothermal calorimetry to determine the heat based activation energy of the mix. 
The determined activation energy was then used with semi-adiabatic calorimetry measurements to 
calculate the adiabatic temperature rise and hydration parameters for the studied systems. The 
temperature profile for the concrete mixtures was then developed and imposed in subsequent 
testing in the rigid cracking frame and the free shrinkage frame. Cracking potential was tested with 
a rigid cracking frame to apply restraint stresses during the initial 5 days of curing with the 
temperature profiled imposed. A free shrinkage frame under the same conditions was used to 
compliment the RCF data by determining the expansion and contraction of the concrete during its 
hydration after final set. Match cured cylinders were tested at several ages to monitor both 
compressive and tensile strengths, alongside with modulus of elasticity. In order to explain the 
stress development in the plain and blended concrete mixtures, pore size distribution studies using 
nitrogen adsorption and phase transformation studies using quantitative x-ray diffraction were 
subsequently conducted. The findings indicate that metakaolin has higher cracking potential in the 
system studied here due to phase transformation occurring at high temperatures that were 
accompanied by higher porosity in the microstructure of the cementitious paste. 
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CHAPTER 2: CRACKING POTENTIAL AND TEMPERATURE SENSITIVITY OF 
METAKAOLIN CONCRETE2 
2.1 Abstract 
 Metakaolin is a pozzolanic material with the potential to reduce permeability and chloride 
ingress; however, quantification of the effects of metakaolin use on the cracking sensitivity of 
concrete mixtures is needed to ensure that these improvements in performance are not 
compromised. This study was conducted to investigate the early age cracking potential due to 
restraint stresses from incorporating metakaolin in concrete. Calorimetry testing showed that 
metakaolin was more sensitive to temperature than mixtures with only Portland cement. Results 
showed more shrinkage, less stress relaxation, and higher restraint stress from the inclusion of 
metakaolin, potentially increasing cracking sensitivity of mixtures. 
2.2 Introduction 
Concerns over the role of concrete constituent materials on early-age cracking 
susceptibility have led to research efforts to quantify these effects. Reductions in volume 
associated with thermal and autogenous shrinkage are the principal driving forces that lead to 
cracking. As the water-cementitious materials ratio (w/cm) decreases, cracking tendency increases 
because of higher amounts of autogenous shrinkage. As the amount of water present in the system 
decreases during hydration, low relative humidity conditions develop in the pores. These low-
pressure pockets create tensile stresses on the pore walls as the water migrates through the system. 
                                                 
2 This chapter was published in Construction and Building Materials[57]. The numbering has been modified from 
the published version to match the other chapters.  Permission is included in Appendix A 
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This phenomena is attributed to the meniscus of the water becoming more narrow as the water 
tries to relocate within the pore network, causing the walls of the pores to pull closer together [5].  
To meet durability standards, supplementary cementitious materials (SCMs) are now 
commonly included in concrete mixes. Materials such as slag, fly ash and silica fume have years 
of research and structural applications to identify the advantages and consequences of using these 
SCMs. Metakaolin is a newer SCM that is not being used as commonly in the field despite its 
benefit of high early strength and lower permeability. 
These benefits are the result of the high lime consumption when metakaolin reacts with the 
hydrating paste and the paste undergoing a process called pore size refinement. This pore size 
refinement is an occurrence when the porosity of the paste decreases and the size of the pores are 
reduced. Although this process is useful in reducing chloride penetrability [6][7] and susceptibility 
to sulfates [8], this alteration in the microstructure of the paste has been shown to impact volume 
changes such as shrinkage and stress relaxation. It was found that increasing dosages of metakaolin 
will have positive correlation with free shrinkage rates[9]. Additionally, research on restraint 
stresses has been conducted on metakaolin but only at a constant temperature through ring testing 
without restraint on the outer edge of the concrete ring [9]. However, no research has been 
performed to test concrete with metakaolin for cracking potential when restrained under uniaxial 
conditions or how a predetermined temperature profile simulating semi-adiabatic conditions 
affects mechanical properties development, shrinkage, phase transformation and pore structure.  
The overall research goal for this paper was to determine if any changes to early-age 
concrete behavior that affects cracking occur in concrete when metakaolin is added, the cause of 
any potential changes, and if this behavior precludes the use of the modified B3 model to simulate 
the early-age stress relaxation. In this study, rigid cracking frame tests were performed with a 
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predetermined temperature profile to provide means for measuring uniaxial stress development 
with concrete being exposed to temperatures comparable to that of a 1 m3 concrete element. This 
stress development was investigated using isothermal calorimetry and semi-adiabatic testing to 
determine the heat sensitivity of the metakaolin mixture, while also using a free shrinkage frame 
and the testing of cylinders to track the development of shrinkage and mechanical properties when 
subjected to the same temperature profile, [10]. Pore size distribution characterization was 
performed using nitrogen adsorption and x-ray diffraction was also conducted to examine potential 
phase transformation that could affect the mechanical properties and stress development. 
2.3 Materials and Methods 
2.3.1 As-Received Materials Characterization 
 A Type I/II Portland cement and commercial metakaolin were used in this study. The as-
received materials were characterized for their chemical, mineralogical and physical properties. 
The chemical oxide composition of the cement and metakaolin was determined by a certified 
external laboratory. Mineralogical characterization of the as-received materials as well as the 
hydrated cement-metakaolin paste was determined using a Panalytical X’Pert PW3040 Pro 
diffractometer coupled with Panalytical HighScore Plus software 3.1. The pattern was collected 
using Cu K radiation at a current of 40 mA and voltage of 45 kV; the step size was 0.02 degrees 
per step and counting time 4 seconds per step. Back-loading technique was used in placing the 
powder in the sample holder to minimize preferred orientation.  The procedures of ASTM C1365 
[11] were used in preparation of the powder for crystalline phases quantification. Blaine fineness 
was determined according to ASTM C204-11 [12] following instrument calibration using SRM 
114q supplied by NIST. The specific gravity measurements were conducted in accordance to 
ASTM C188-09 [13].  
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Metakaolin was used at a 10% replacement level by mass. The concrete proportions for the 
control (CN) and metakaolin (10MK) mixtures used in free shrinkage, mechanical properties and 
cracking frame tests are presented in Table 1. 
Table 1. Mix design for concrete (1m3) 
Material CN 10MK 
Cement (kg/m3) 445 400 
Metakaolin (kg/m3) 0 44 
Coarse Aggregate (saturated surface dry) (kg/m3) 949 949 
Fine aggregate (saturated surface dry) (kg/m3) 624 607 
Water (kg/m3) 154 154 
Air entraining admixture (mL/100kg cementitious) 7 7 
Type A/F admixture (mL/100kg cementitious) 390 390 
Type D admixture (mL/100kg cementitious) 304 304 
w/cm ratio 0.35 0.35 
 
A w/cm ratio of 0.35 was maintained constant by adjusting the mix water for the water 
content of the chemical admixtures.  The same proportions of the cementitious constituents were 
maintained in paste mixtures for isothermal calorimetry, nitrogen adsorption and x-ray diffraction 
experiments. 
2.3.2 Isothermal Calorimetry 
In assessing the effect of metakaolin on the hydration kinetics and temperature sensitivity 
of the cementitious mixtures, isothermal calorimetry was performed on 10MK paste samples using 
a TAMAIR eight-channel isothermal conduction calorimeter. Tests were conducted at three 
different temperatures (23, 30 and 40 ºC). The w/cm ratio was maintained at 0.35 and included 
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chemical admixtures at the same proportions adopted for the corresponding concrete mixtures. The 
test was conducted in accordance to ASTM C1702 [14] Procedure B for external mixing. The 
cumulative heat of hydration at the three temperatures was then used to calculate the mixture 
activation energy using the procedure outlined by Poole et al.[15]. The activation energy was 
determined following Equation 1: 
α(te) =  αu ∙ exp (− (
τ 
te
)
β
) Equation 1 
 
where,  𝛼 (t) = Degree of hydration at age t, 
 α u = Ultimate degree of hydration, 
 τ = Time parameter (hours), 
  β = Shape parameter, dimensionless, and 
 t = Elapsed time since the contact of cementitious material and water (hours) 
In this procedure, the αu, β, and τ parameters were fit so that the degree of hydration with 
time fit to that calculated from the cumulative isothermal calorimetry heat of hydration results at 
23°C. The degree of hydration was calculated from isothermal calorimetry results using Equations 
2 through 4: 
𝛼(t) =
𝐻(𝑡)
𝐻𝑢
 Equation 2 
  
𝐻𝑢 = 𝐻𝑐𝑒𝑚 · 𝑝𝑐𝑒𝑚 + 461 · 𝑝𝑠𝑙𝑎𝑔 + 1800 × 𝑝𝐹𝐴−𝐶𝑎𝑂 · 𝑝𝐹𝐴 + 330𝑝𝑆𝐹 Equation 3 
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𝐻𝑐𝑒𝑚 = 500 · 𝑝𝐶3𝑠
+ 260 · 𝑝
𝐶2𝑆
+ 866 · 𝑝
𝐶3𝐴
+ 420 · 𝑝
𝐶4𝐴𝐹
+ 624 · 𝑝
𝑆𝑂3
+ 1186 ·
𝑝
𝐹𝑟𝑒𝑒𝐶𝑎
+ 850 · 𝑝
𝑀𝑔𝑂
   
 
Equation 4 
where H(t) is the cumulative heat of hydration by mass of cement (J/g) from isothermal calorimetry 
at time t, pcem is the % of cement by mass in the cementitious system, pslag is the % of slag cement 
by mass in cementitious system, pFA-CaO  is the % CaO in the fly ash used, pFA is the % of fly ash 
by mass in cementitious system, pSF is the % of silica fume by mass in cementitious system, pi is 
the % of ith component by mass in cement. Since the ultimate heat of hydration contribution from 
metakaolin is not known, the value for silica fume was used in the analysis. Errors in Hu could 
cause a change in the calculated αu fit parameter, but will not change the overall calculated 
adiabatic temperature development. 
After the parameters were fit to the cumulative heat of hydration results at 23°C, the τ 
parameter was fit to the cumulative isothermal calorimetry heat of hydration results at the 30°C 
and 40°C temperatures using the αu and β parameters fit at 23°C. The τ values from each 
temperature were then used as the rate constants in an Arrhenius plot to calculate the apparent 
activation energy.  
2.3.3 Semi-Adiabatic Calorimetry 
Semi-adiabatic calorimeters contain a heavily insulated concrete sample. This system 
allows a slight amount of heat to escape the enclosed system. Sensors in the calorimeter measure 
the heat loss rate in the calorimeter with time. The sensors in the calorimeter were calibrated by 
monitoring the heat loss rate with time using hot water placed in the calorimeter. The measured 
concrete sample temperature development and heat loss with time was then used to calculate the 
temperature rise, simulating an adiabatic system [15]. Measurements for semi-adiabatic 
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calorimetry were conducted using instruments assembled at the University of South Florida. 
Obtaining the adiabatic temperature rise of concrete is a multistep process that involves 
determining the heat based activation energy of concrete mixture through isothermal calorimetry, 
calibration of the semi-adiabatic calorimeter and assessment of temperature loss, measurements of 
concrete temperature development in the semi-adiabatic calorimeter and calculating the fully 
adiabatic temperature rise. The fully adiabatic temperature rise was fit from the measured concrete 
temperature development and heat loss following the procedures recommended by RILEM [16]. 
The heat of hydration curve used in the fitting followed Equation 5 [17]. 
𝑄ℎ(𝑡) = 𝐻𝑢 · 𝐶𝑐 · (
𝜏
𝑡𝑒
)
𝛽
· (
𝛽
𝑡𝑒
) · 𝛼𝑢 · 𝑒𝑥𝑝 (− [
𝜏
𝑡𝑒
]
𝛽
) · exp (
𝐸𝑎
𝑅
(
1
𝑇𝑟
+
1
𝑇𝑐
)) 
 
Equation 5 
where Qh(t) is the rate of heat release with time t, Hu is the total heat available for reaction (J/g), 
Cc is the cement content (kg/m
3), αu, τ, and β are hydration coefficients, te is the concrete equivalent 
age maturity, Ea is the activation energy calculated from isothermal calorimetry, R is the universal 
gas constant, Tr is the concrete reference temperature taken to be 296.15 °K, and Tc is the concrete 
temperature at time t (°K). Hu can be calculated from the cement composition as shown in 
Equations 3 [18] and 4 [17]. 
2.3.4 Concrete Temperature Profile 
 The temperature profile used in the testing simulates the temperatures that would be 
exhibited in a concrete mass element. In order to make the predetermined temperature profile, the 
temperature at the center of a newly placed concrete wall 1.0 m thick with a constant surface 
temperature was simulated using the experimental data collected from the semi-adiabatic 
calorimetry [19]. 
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2.3.5 Time of Set 
Mineral admixtures and chemical admixtures can play an extensive role on the initial and 
final set of concrete. To determine the time of set for each mix, ASTM C403 [20] penetration test 
was conducted on mortar sieved from each concrete mixture. The data was then used to determine 
when to back off the plates for the free shrinkage measurements in order to release any restraint 
provided on the specimen ends. The mortar was cured under simulated conditions that matched 
the temperature profile used for the cracking frame and free shrinkage tests. 
2.3.6 Mechanical Properties 
Twenty 100 mm x 200 mm concrete cylinders were matched cured according to the same 
temperature profile used in the rigid cracking frame and free shrinkage frame to evaluate the 
mechanical properties of 10MK and CN mixtures. The parameters that were investigated using the 
concrete cylinders were: compressive strength, splitting tensile strength and elastic modulus at the 
ages of 12 h, 1 day, 3 days and 7 days. At the 4-day age, the cylinders were removed from the 
temperature regulated water bath and placed in room temperature water. These tests were 
conducted in accordance to ASTM C39 [21], ASTM496 [22] and ASTM469 [23], respectively. 
All cylinders were demolded at the time of testing and variances in measured data were within 
limits specified in the corresponding specifications.  
2.3.7 Free Shrinkage 
To quantify the linear strain developed by concrete, a free shrinkage frame [20] was used, 
Figure 1, based on the design adopted from Meadow [24]. The frame has copper pipes built into 
the formwork to control the temperature of the concrete by using temperature-regulated water that 
follows the modeled temperature. Two sheets of plastic were sprayed with a lubricant and used to 
line the formwork to minimize friction. Two moveable end plates were present in the free 
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shrinkage frame to keep the concrete restrained until final set occurred. Once final set was reached, 
the plates were retracted to allow the concrete to expand, uninhibited, in the longitudinal direction. 
Loss of moisture was eliminated during the test, to avoid drying shrinkage, by sealing the concrete 
in plastic and waterproof tape. The concrete specimen length change was monitored by two LCP 
sensors attached to 3 mm diameter invar rods. The invar rods were attached to 25 mm square 
aluminum plates embedded in the concrete samples. 
 
Figure 1. Free shrinkage frame [25] 
 
2.3.8 Rigid Cracking Frame 
 The rigid cracking frame allows comparison of the early-age cracking sensitivity and 
quantification of stress relaxation properties during the hardening stage of concrete mixtures [26]. 
In this test, a dove-tailed concrete specimen was placed in the frame shown in Figure 2 and allowed 
to harden. This frame is based on the original design by Springenschmid, with slight modification 
for the cross-sectional area for the concrete while maintaining the same concrete cross-sectional 
area to the invar bars cross-sectional area [27]. The frame contains two invar steel bars that 
restrained the concrete from changing length. The concrete temperature was controlled to the 
predetermined temperature profile by circulating tempered water through the frame crossheads 
and copper pipes embedded in the formwork. As the concrete heated up, the frame restrained the 
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concrete from expanding, causing the concrete to go into compression and the invar steel bars to 
go into tension. As the concrete stress relaxed, and the concrete began to shrink due to thermal or 
autogenous shrinkage, the concrete went into tension while the invar steel bars went into 
compression. The rigid cracking frame used in this study contained a concrete specimen with a 
center cross section of 100x100 mm and 1041mm in length [25]. 
 
Figure 2. Rigid cracking frame[20] 
 
 The concrete degree of restraint changed with time and was a function of the rigid cracking 
frame stiffness, concrete cross section area and modulus of elasticity as shown in Equation 6, [28]. 
 
 δ =
100
1 +
EcAc
EsAs
 Equation 6 
 
where δ is the concrete degree of restraint, Ec is the concrete modulus of elasticity (MPa), Ac is the 
concrete cross sectional area (m2), Es is the invar steel modulus of elasticity (MPa), and As is the 
invar steel cross sectional area (m2).  
 The concrete creep parameters were calculated using the modified B3 model. The original 
B3 model was developed by Bažant and Baweja to model the effects of creep on concrete after 1 
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day of age [29]. The B3 model was modified to account for early-age viscoelastic response before 
one day by modifying the q1 and the q2 term in the model in Equations 7 through 10 to give 
Equation 11, [30]. 
𝑞
1
=
0.6
𝐸𝑐,28
 Equation 7 
 
𝑞
2
= (86.814)(10−6)(𝑐0.5)(𝑓
𝑐,28
−0.9) Equation 8 
 
𝑞
3
= 0.29(𝑤/𝑐)4𝑞
2
 Equation 9 
 
𝑞
4
= (0.14)(10−6)(𝑎/𝑐)0.7 Equation 10 
 
𝐽(𝑡, 𝑡0) = 𝑞1 [
𝑡0
𝑡0 − 𝑞6
] + 𝑞2 [
𝑡0
𝑡0 − 𝑞5
] 𝑄(𝑡, 𝑡0) + 𝑞3ln(1 + (𝑡 − 𝑡0)
𝑛) + 𝑞4 (
𝑡
𝑡0
) Equation 11 
 
where J(t,t0) is the creep compliance at time t from loading at time t0, Ec,28 is the concrete elastic 
modulus at 28 days (psi), q5 and q6 are early-age modification terms that should not exceed the 
setting time (days), c is the cement content (lb/yd3), a is the total aggregate content (lb/yd3), w/c is 
the water-cement ratio by mass, n equals 0.1, and m equals 0.5. The principle of superposition was 
used to model the stress relaxation development with time [31]. In this study, the water-
cementitious materials ratio (w/cm) was used since one of the mixtures contained supplementary 
cementitious materials. The cracking frame stress modeled using the measured elastic modulus, 
free shrinkage, and modified B3 model were compared against the measured cracking frame stress 
for the mixtures.  
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2.4 Results and Discussion  
2.4.1 As-Received Materials 
 The elemental oxide composition and the physical characteristics of the as-received 
materials are presented in Table 2. The crystalline phase content of the as-received materials are 
presented in Table 3. The results indicate the presence of 3 forms of calcium sulfates in the as-
received cement; namely, anhydrite, hemihydrate and gypsum. No double salts were identified. 
The amount of tricalcium aluminate is higher than that calculated through Bogue equations and 
only the cubic structure is noted. As for metakaolin, the amount of crystalline phases present did 
not exceed 2% indicating a high potential pozzolanic activity for the metakaolin used here. 
Table 2. Chemical composition and physical properties of as-received materials 
Analyte  Portland Cement (w/o) Metakaolin (w/o) 
SiO2 20.4 51.29 
Al2O3 5.2 44.16 
Fe2O3 3.2 0.49 
CaO 63.1 <0.01 
MgO 0.8 0.14 
SO3 3.6 <0.01 
Na2O 0.1 0.26 
K2O 0.38 0.27 
TiO2 0.28 1.12 
P2O5 0.12 0.06 
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Table 2 (Continued) 
Mn2O3 0.03 <0.01 
SrO 0.08 0.01 
Cr2O3 0.01 0.01 
ZnO <0.01 <0.01 
L.O.I. (950°C) 2.8 1.4 
Total 100.1 99.22 
Na2Oeq 0.35 0.44 
Free CaO 2.23 N/A 
BaO N/A <0.01 
Specific Gravity  3.14 2.23 
Blaine Fineness(m2/kg) 442 N/A 
 
Table 3. Mineralogical composition of as-received materials 
Phase  Amount (%) 
Type I/II Portland Cement 
C3S  46.9 
C2S  25.2 
C3A (cubic) 9.6 
C4AF  8 
Gypsum 2.8 
Hemihydrate 1.8 
 
17 
 
Table 3 (Continued) 
Anhydrite 0.5 
Calcite 2 
Portlandite 2.5 
Quartz 0.8 
Metakaolin (MK) 
Mullite 1 
Illite 0.7 
Quartz 0.3 
 
2.4.2 Isothermal Calorimetry 
Figure 3 shows the heat flow curves for the control (CN) and metakaolin (10MK) pastes at 
23ºC. Since external mixing was used here, the first peak, reflecting ionic dissolution was not 
registered. The increased rate of heat flow noted on the inclusion of metakaolin and its accelerating 
effect on the hydration kinetics can be attributed to both its amorphous content and high surface 
area, [32] [33]. The effects of including metakaolin result in a shift in the silicate peak position 
from about 8 hours for CN paste to 4 hours in 10MK paste. The main hydration peak magnitude 
also increased when metakaolin was used. The noted increase indicates the significance of 
metakaolin on the hydration process of cement and the effect can be attributed to enhancing the 
hydration kinetics through heterogeneous nucleation.  The effect of metakaolin extends to the 
sulfate depletion peak [34], which shows substantially higher magnitude, indicating the 
significance of incorporating metakaolin on hydration reaction of tricalcium aluminate and 
ettringite formation [35]. 
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Figure 3. Isothermal heat flow profiles for 10MK and CN at 23° C 
 
These trends are amplified with increasing temperature as can be seen from Figure 4. The 
silicate peak associated with C3S hydration shifts towards shorter times with increasing 
temperature indicating the effectiveness of metakaolin on enhancing or accelerating the silicate 
reaction [36]. The effect of metakaolin is also significant on the hydration reaction of C3A. Figure 
4 shows that incorporation of metakaolin results in increasing the rate of heat flow for the sulfate 
depletion peak by a factor of 4 as temperature increased from 23 to 40ºC. The substantial increase 
in the hydration reaction of the aluminate peak could be due to the effect of temperature on 
enhancing the reactivity of the aluminates [37], decreasing sulfates availability [38] or a 
combination of both.  
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Figure 4. Isothermal heat flow profiles for 10MK at 23, 30 and 40 °C 
 
The adjustment in the heat flow with increasing the dosage of metakaolin beyond 10% 
replacement to 21% can be seen in Figure 5. Although at 23ºC the sulfate depletion point is more 
prominent than both 10MK and CN, the location of this point does not shift when compared to 
10MK. At 40ºC the effects of higher metakaolin dosage are most notable with the sulfate depletion 
point being shifted approximately an hour earlier than 10MK and having a 25% increase in heat 
flow. The temperature sensitivity of metakaolin can also be distinguished with the 21MK having 
a heat based activation energy of 45 (kJ/mol), while the control was at 36 (kJ/mol). 
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Figure 5. Isothermal heat flow profiles for 21MK at 23, 30 and 40 °C 
 
2.4.3 Semi-Adiabatic Calorimetry 
Concrete mixture proportions for CN and 10MK are depicted in Table 1. Semi-adiabatic 
measurements for 10MK concrete showed higher heat of hydration than CN as shown in Figure 6, 
which correlates well with isothermal-calorimetry measurements. Table 4 shows the mixture  
adiabatic heat rise parameters calculated from semi-adiabatic calorimetry and activation energy 
calculated from the isothermal calorimetry. 
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Figure 6. Semi-adiabatic calorimetry results for 10MK and CN  
 
Table 4. Calculated concrete hydration parameters from isothermal calorimetry (Ea) and semi-
adiabatic calorimetry (αu, β, τ) 
Hydration Parameters CN 10MK 
αu 0.738 0.727 
β 0.826 1.164 
τ (hrs) 18.39 13.93 
Ea (kJ/mol) 36 42.5 
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2.4.4 Concrete Temperature Profile 
A custom-written temperature simulation and control program was used to generate an 
individual temperature profile for 10MK and CN. This temperature profile was used for the rigid 
cracking frame, free shrinkage and match curing specimens based on the temperature in a 
simulated 1 m thick wall [15], [35]. This program uses the mix design, heat-based activation 
energy, αu, β, τ from semi-adiabatic testing and the ultimate heat of hydration as inputs. The heat-
based activation energy for 10MK was determined from isothermal calorimetry tests at 3 
temperatures; namely, 23, 30 and 40° C. The activation energy was calculated using an Arrhenius 
relationship [40] and shown in Table 4. Semi-adiabatic calorimetry data was collected and 
analyzed to determine the concrete hydration parameters αu, β, τ by using the determined activation 
energy and the ultimate heat of hydration. A best-fit analysis was used to calculate the hydration 
parameters using an iterative process outlined by RILEM 119 [16]. To utilize the Rigid Cracking 
Frame Temperature Profile Program [41], the concrete thermal conductivity was estimated based 
on the mixture proportions and aggregate types in the analysis to be 2.70 W/m/°C, while the 
concrete specific heat was estimated to be 854.43 J/kg/°C. After 96 hours of curing, the concrete 
temperature profile was set to decrease at 1 °C/hr. Figure 7 shows the calculated concrete 
temperature profiles. 
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Figure 7. Temperature profiles of 10MK and CN 
 
2.4.5 Mechanical Properties 
 The results for the compressive strength, splitting tensile strength and elastic modulus 
testing are presented in Table 5 through Table 7. The inclusion of metakaolin had a pronounced 
effect on the mechanical properties of concrete. The compressive strength observed in the earlier 
and later stages of testing for 10MK are consistently higher than CN. There are some conflicts in 
the literature that show varying results from the inclusion of metakaolin in regards to compressive 
strength. Some researchers have shown that using metakaolin increases compressive strength at 
both a w/cm of 0.25 and 0.35 at all ages beyond about 4 days [42]. This increase in compressive 
strength can be attributed to a denser structure and to better bonding between cement paste and 
aggregate particles [42].  
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Table 5. Concrete compressive strength  
Age (Days) CN (MPa) 10MK (MPa) 
0.5 20.06 25.58 
1 43.71 59.16 
3 50.61 60.33 
7 57.85 60.19 
 
Table 6. Concrete splitting tensile strength  
Time (Days) CN (MPa) 10MK (MPa) 
0.5 2.38 2.65 
1 3.55 4.45 
3 4.69 4.65 
7 4.21 4.41 
 
Table 7. Concrete elastic modulus  
Age (Days) CN (MPa) 10MK (MPa) 
0.5 25.25 26.03 
1 35.16 37.4 
3 38.7 40.33 
7 40.25 39.13 
 
Other researchers have found that the pozzolanic reaction between metakaolin and calcium 
hydroxide, the acceleration of Portland cement hydration, and the filler effect have a large impact 
on the strength development when metakaolin is used [43]. Dinakar et al. found that with an 
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optimum replacement level of 10%, metakaolin yields higher compressive strength after the first 
few days of curing [44] . Other studies have found that 10% replacement is the optimal dosage at 
approximately 56 days, having an additional 2.7MPa over the control [41].  
One interesting feature between the two mixes is the strength development after 1 day. 
10MK showed almost no strength development, while the CN was still increasing at a modest rate. 
This difference in strength improvement rates can be attributed to the faster hydration of 10MK 
similar to the observed trends from isothermal calorimetry tests.  
The splitting tensile strength development is almost identical between 10MK and CN but 
does not display the same strength gain trends noted for compressive strength development. 10MK 
gave consistently higher values at all testing ages considered here, with the 1 day strength defining 
significant differences.  5% and 15% replacement levels have shown to be effective in increasing 
the splitting tensile strength according to Güneyisi et al. [42]. A previous study has found 10% 
substitution to be most successful in increasing the splitting tensile strength [44]. Having dosages 
of replacement at and beyond 20% have shown reductions in strength when compared to the 
control, while 10-15% replacement is found to be the most optimal for improving splitting tensile 
strength [45]. 
Modulus of elasticity improved during the early stages of hydration with the inclusion of 
metakaolin. For both mixes, after one day of curing, the rate at which the modulus of elasticity 
increased appears lower. This rapid and then stagnant growth in the modulus of elasticity may be 
attributed to the modulus of elasticity development rate typically occuring faster than compressive 
strength development rate and the match curing effect on accelerating the hydration reaction. 
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2.4.6 Free Shrinkage 
Free shrinkage measurements, shown in Figure 8, commenced after final set. Initial and 
final set measurements are presented in Table 8. 
Table 8. Setting time for CN and 10MK 
Property CN (min) 10MK (min) 
Initial set 358 218 
Final set 434 311 
 
Both concrete mixtures exhibited similar expansion rates for the first 12.5 hours. The 
switch from expansion to contraction for 10MK began at an earlier time and after less expansion 
has occurred. The higher rate of shrinkage that occurred in the 10MK can be attributed to 
autogenous shrinkage and thermal effects. The expansion occurring in the early stages of hydration 
can be attributed to the properties of the materials and the effect of temperature. The reaction 
between cementitious materials and water is an exothermic and expansive process. Temperature 
plays a role in this combination because higher temperatures increase the hydration reaction, which 
is one of the reasons that the 10MK went into shrinkage earlier than CN. The high heat generation 
that 10MK displayed can be credited to the high fineness associated with metakaolin [46], the very 
high consumption rate of lime by the metakaolin [47], and the higher heat of hydration associated 
with the aluminate phases compared to silicates. 
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Figure 8. Free shrinkage strain for CN and 10MK concrete 
 
One of the possible causes for the increased shrinkage rate associated with 10MK is the 
different microstructure development in MK concrete. Mercury intrusion porosimetery testing, 
performed by other researchers, showed that the cement paste microstructure undergoes pore size 
refinement and has a finer pore size distribution in MK pastes [48],[49]. These smaller pores yield 
consequences similar to those of including silica fume where higher stresses are imposed on the 
walls of the paste pores. The capillary pressure forces were likely higher than those generated in 
the CN mixture and were generated by the water meniscus being pushed farther out due to the 
refined pore structure and drawing the walls closer together, accounting for a higher overall 
shrinkage in 10MK. Other researchers showed that for replacement levels that are 10% or below, 
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the autogenous shrinkage is actually higher than for the control mixtures with only Portland cement 
[50]. More recent research has isolated the effects of autogenous shrinkage and have shown that 
low w/b mixtures will exhibit higher autogenous shrinkage up to 9 days depending on the 
replacement levels of metakaolin [51].  
Limited x-ray diffraction study was also conducted on the 10MK paste after subjecting it 
to the same temperature profile as the 10MK concrete mixture. The data indicate decomposition 
of ettringite at temperatures above approximately 45ºC (8 hours) and formation of the lower sulfate 
hydrate forms; that is, monosulfoaluminates with variable water content (n=H2O=14, 13, and 12). 
This phase decomposition is expected to be accompanied by a decrease in the solid volume [52]. 
The prevalence of this transformation is shown in the diffraction scans of the paste fraction of 
10MK presented in Figure 9. Quantitative analyses using Rietveld refinement indicate a decrease 
in the mass fraction of ettringite by more than 60% at 16 hours (corresponding to the initiation of 
reversible of length change measurements from expansion to contraction) compared to its mass 
fraction at 8 hours.  Lothenbach et al [53], using thermodynamic modelling and strength testing of 
cubes, associate this transformation with increase in paste porosity as monosulfoaluminates 
occupy half the molar volume of ettringite.  
Harada and Matsushita [54], by varying gypsum content, attempted to reduce the 
autogenous shrinkage observed for low heat slag cement intended for massive structures when 
hydrating at temperature higher than 40°C.  The increased autogenous shrinkage was attributed to 
the presence of higher alumina content in the pore solution of slag blends which accelerate the 
transition of ettringite to monosulfoaluminates [54].  Lura et al. [55] had previously attributed the 
higher autogenous shrinkage observed in slag cement, relative to modeled values accounting for 
capillary tension, to this phase transformation. XRD analysis conducted here confirms similar 
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phase transformation in metakaolin, which has higher alumina content than slag but is typically 
added at lower replacement levels in concrete mixes.   
 
 
Figure 9: QXRD peak indicating phase transformation from Ettringite (Aft) to 
Monosulfoaluminates (AFm) between 8 and 16 hours (E – ettringite, M – monosulfoaluminates) 
 
In order to assess if the identified phase transformation in 10MK mixture had an effect on 
pore size distribution, nitrogen adsorption tests (NAD) were conducted on 10MK paste samples 
prepared at hydration ages of 8 and 16 hours and exposed to the same temperature profile as the 
cracking frame, free shrinkage and XRD experiments. This hypothesis was confirmed here through 
the pore size distribution measurements shown in Figure 10. The data indicate pore size refinement 
and increase in pores in the pore size range of 3 to 100 nm at 16 hours when compared to 8 hours. 
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Though the degree of hydration at 8 and 16 hours were 0.196 and 0.622, respectively, the increase 
in porosity in the pore size range of 3-100 nm is more likely related to ettringite decomposition.  
 
 
Figure 10: Comparison of Nitrogen Adsorption PSD for 10% Metakaolin at 8 and 16 hours 
 
2.4.7 Rigid Cracking Frame 
 Both of the rigid cracking frame tests were conducted under non-isothermal conditions and 
their respective stress developments are shown in Figure 11.  
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Figure 11. Stress evolution for 10MK and CN under stimulated temperature profile in the 
cracking frame 
 
The inclusion of metakaolin increases the maximum compression stresses developed and 
shifted it to an earlier time. The time of zero stress was earlier by 31 hours when metakaolin was 
used. The tensional stress development of the 10MK increased at a higher rate and reached higher 
stresses than CN.  
Thermal stress development is a combination of the coefficient of thermal expansion of the 
hardening concrete, the degree of restraint, temperature rise and stress relaxation [56]. By 
including metakaolin, the development of the elastic modulus of the concrete is higher than the 
CN mixture and in turn increases the elastic portion of the stress development. Additionally, the 
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higher heat of hydration of the 10MK mixture was likely responsible for much of the higher tensile 
stress development in the 10MK than the CN mixture. 
The trends of the stress development in the rigid cracking frame mirror closely the strain 
present in the free shrinkage testing, both of which seem to be heavily influenced by the 
temperature profile that they were both exposed to. The rapid change from compressional to 
tensional stress is controlled by the switch from elongation to shrinkage. Due to 10MK 
experiencing a sharper temperature decrease, 10MK undergoes shrinkage and tensile stress 
development at a higher rate than CN. The sharp peaks in compressive stress development shown 
in the 10MK mixture between 11 and 15 hours are not seen in the free shrinkage tests and seem to 
be a unique feature of the mixture containing MK. The mechanism for this unusual stress behavior 
may be explained by the conversion of ettringite to Afm phases between 8 and 16 hours evidenced 
in the QXRD pattern. This reaction was shown in the porosity measurements and matched the 
volume change accompanying ettringite phase transformation. This volume change could cause a 
large increase in the stress-relaxation by placing higher stresses on other hydration products that 
did not undergo the reaction and were left to carry the load. This may not necessarily be picked up 
in a free shrinkage test, but would in a restrained stress test like the one performed. In spite of these 
differences between the early-age stress relaxation behavior of Portland cement concrete and 
concrete containing metakaolin, the B3 model was still able to model the stress development in 
concrete containing metakaolin as well as the control mixture.                   
2.4.8 Quantifying the Effect of Creep 
 Due to the constantly changing material properties of concrete in its early stages of 
development, many factors must be considered to accurately model its early age behavior. As the 
concrete ages, the elastic modulus develops, decreasing the relaxation effect that creep can have 
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on restraint stresses.  An assumed strength based activation energy of 35,000 J/mol for 10MK and 
CN were used to help develop a working creep model. Figure 12 shows the stresses simulated in 
the rigid cracking frame using the measured free shrinkage results, the fit modulus development, 
and the modified B3 model, alongside the actual stress development of the concrete. The use of 
metakaolin was shown to reduce creep and the benefits associated with it, which is demonstrated 
by a lower magnitude of stress development to buffer the tensile stresses. The B3 model did an 
excellent job of modeling the stresses generated in the metakaolin cracking frame test, except for 
the peak between 11 and 16 hours. This is likely because of changes in the microstructure specific 
to MK that the model does not include. The model did an adequate job of modeling the CN 
mixture; however, at early ages either the strain was underestimated by the free shrinkage test, or 
the modulus at early ages was underestimated because of variability in the elastic modulus test.  
 
Figure 12. Modeled and measured stress development for 10MK and CN concrete 
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2.5 Conclusions 
 The findings of this study indicate that the use of metakaolin at 10% replacement levels 
rendered concrete more sensitive to cracking when mixtures were studied under temperature 
profiles simulating mass elements. This is due to the higher temperature sensitivity of mixtures 
incorporating metakaolin in addition to higher autogenous shrinkage. The control mixture has 
experienced more stress relaxation than metakaolin mixture. Preliminary studies indicate that 
phase transformation experienced by metakaolin can also be a contributing factor to metakaolin 
concrete mixtures higher temperature sensitivity. Reactions and conversion of Aft phases to Afm 
phases in metakaolin-containing mixtures increased the amount of pores and affected the stress 
relaxation behavior of the concrete mixture in ways not seen with the control mixture and not 
picked up in free shrinkage testing. In spite of these differences in behavior, the metakaolin 
concrete mixture early-age stress relaxation was able to be modeled by the modified B3 model. 
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CHAPTER 3: CONCLUSIONS AND FURTHER RESEARCH  
 
In this study, the effect of incorporating metakaolin in concrete mixtures on the cracking 
potential was studied. This chapter presents the findings for this research and proposes 
recommendations for future studies. 
The conclusions from this study are as follows: 
1. Heat of hydration is drastically increased when using low replacement levels of 
metakaolin as shown by isothermal calorimetry and semi-adiabatic calorimetry. 
2. The cracking potential of concrete utilizing metakaolin is increased, this is due to 
higher tensile stresses contributed from the combination of shrinkage from the 
hydration reaction and thermal effects. 
3. Higher degrees of shrinkage are exhibited due to pore size refinement and a phase 
transformation, of which were testing using nitrogen absorption porosimetry and 
XRD.Utilizing metakaolin increases the compressive and splitting tensile strength 
of the concrete drastically during the initial stages of hydration. 
The recommendations for future research are as follows: 
1. Testing varying replacement levels of metakaolin with other SCMs to determine an 
optimal dosage level that does not compromise the likelihood of cracking. 
2. Performing restrained ring tests with a temperature profile to determine how 
different restraints effect the probability and degree of cracking.  
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